The strength and stress-dilatancy of uniform sands has been studied extensively in geotechnical investigations, and practitioners can draw on a wealth of previously reported data for the estimation of their volumetric response. However, the suitability of accepted stressdilatancy theory and empiricism has not been evaluated for well-graded gravelly soils. Axisymmetric, isotropically consolidated drained compression, and pure shear, plane strain quasi-K 0 consolidated drained tests were performed on well-graded Kanaskat gravel using confining pressures ranging over three orders of magnitude to determine its stiffness, strength, and stress-dilatancy response. The plane strain stiffness, strength, and stress-dilatancy of Kanaskat gravel is observed from tests performed using a large cubical true-triaxial device with flexible bladders. The observed response is interpreted with a view of experimental boundary conditions and their impact on the volumetric response. The observed plane strain shear modulus and friction, and dilation angles of well-graded sandy gravel soils commonly used in practice are significantly higher than those measured in the triaxial compression stress path. Existing empirical and modified stress-dilatancy expressions proposed for low confining pressures underestimate the observed dilation response; however, another common empirical approach appears to adequately capture the dilatancy. The data reported herein should help practitioners estimate plane strain behavior of sandy gravel mixtures.
Introduction
Soil dilatancy was initially investigated by Reynolds (1885) and has since been recognized to control critical aspects of soil behavior at working stresses. Although the stability of slopes or shallow foundations, geotechnical structures that lie in proximity to free surfaces, are less affected by soil dilation (Zienciewicz et al. 1975) , the serviceability of highly confined geotechnical elements such as tunnels and deep foundations is greatly impacted by soil dilatancy (Houlsby 1991) . Rowe (1962) and Poorooshasb and Roscoe (1961) presented two stress-dilatancy relationships for granular soils based on laboratory investigations on Fort Peck sand by Taylor (1948) using assumed uniform particle sizes and packing. Building on Rowe's work, a significant body of literature has been developed on the stress-dilatancy behavior of uniform sands (Cornforth 1964; Lee and Seed 1967; Rowe 1969; Tatsuoka 1976; Chu 1994; Schanz and Vermeer 1996; Panda and Ghosh 2000; Hanna 2001; Wan and Guo 2004; Chakraborty and Salgado 2010) . A widely used empirical stress-dilatancy relationship developed by and focused on the strength parameters of uniform sands yielded
where ϕ 0 f = friction angle at failure; ϕ 0 cv = friction angle at a constant volume condition; and coefficient a varies based on soil type and stress path. The dilation angle at failure, ψ f , in Eq. (1) is defined by
where dε v and dε 1 = changes in the volumetric and axial strains during shearing; and subscript f = failure. Although the various theories and empirical relationships work well in many cases, they are based on stress-dilatancy relations developed assuming uniform particle packing and have not been validated against the response of well-graded granular soils. The study of the stress-strain response of well-graded gravelly soils to date consists of in situ direct shear tests, limited ranges in confining pressure, or large, angular, and weak rock fill that exhibit extensive particle breakage (Holtz and Gibbs 1956; Marsal 1967; Skermer and Hillis 1970; Marachi et al. 1972; Charles and Watts 1980; Matsuoka and Liu 1998; Matsuoka et al. 2001; Zhao et al. 2013; Xiao et al. 2014) . The aim of this study is to characterize the uniaxial and plane strain behavior of Kanaskat gravel, a rounded to subrounded well-graded sandy gravel used to construct several tall mechanically stabilized earth (MSE) walls in SeaTac, WA, described by Stuedlein et al. (2007 Stuedlein et al. ( , 2010 Stuedlein et al. ( , 2012 . A series of large, axisymmetric, isotropically-consolidated drained triaxial compression (AICD) and cubical, pure shear, quasi-K 0 consolidated drained plane strain (PSK 0 CD) tests were conducted on Kanaskat gravel to study the influence of stress path on its stiffness, strength, and stress-dilatancy response. This paper first details the comprehensive laboratory testing program that was used to investigate the stress-strain response of Kanaskat gravel. The stress-strain-strength and volume change behavior observed in large axisymmetric triaxial tests over a wide range of confining stresses is provided as a baseline response. Then, the highly frictional stress-strain-strength and volume change response of quasi-K 0 consolidated plain strain pure shear tests are described, in consideration of complex boundary conditions and shear band formation. Comparisons of the stress-strain-strength response of cubical, pure shear, plane strain (PS), and simple shear specimens to axisymmetric, isotropically consolidated triaxial compression tests indicate that the strength and stiffness of this well-graded soil in plane strain are larger than expected. Additional comparisons to three-dimensional failure criteria that incorporate the intermediate principal stress are made and show that the Matsuoka-Nakai failure criterion underestimates the strength, but that the Lade-Duncan failure criterion sufficiently estimates the strength of Kanaskat gravel. The stress-dilatancy response of Kanaskat gravel is compared to Bolton's ( , 1987 empirical relationships and shows that some, but not all, simple expressions may be used to estimate the dilatancy of a well-graded granular soil.
Experimental Program
The relative density selected for the tests in this study models the compacted reinforced fill within MSE walls that were constructed as part of the SeaTac International Airport (STIA) third runway expansion project described by Stuedlein et al. (2007 Stuedlein et al. ( , 2010 Stuedlein et al. ( , 2012 . Sourced from a quarry in Kanaskat, Washington and selected based on specified limits put forth by the designers, the sandy gravel soil characteristics tested in accordance with ASTM (2006 ASTM ( , 2009 standards are presented in Table 1 . Its gradation, representing an average of six samples from a large stockpile, is presented in Fig. 1 along with the project-specified gradation limits. The roundness and sphericity of Kanaskat gravel was quantified following the procedures for Krumbein and Sloss (1963) ; based on the classification system proposed by Powers (1953) , Kanaskat gravel is characterized as rounded to subrounded. The mineral content of Kanaskat gravel was evaluated using X-ray diffraction, which indicated that the composition primarily consists of quartz with some potassium feldspar and hornblende which have mineral surface friction angles ranging from 22 to 35°, 36 to 38°, and 31°, respectively (Terzaghi et al. 1996) . The research presented in this study focused on the stresses and states representative of tall MSE walls (i.e., fills). As a result, consolidation stresses, presented in Table 2 , for the AICD and PSK 0 CD tests were selected based on mean effective consolidation pressures, p 0 c , representative of conditions in a tall MSE wall, and tests were conducted at the postconsolidation relative density to simulate void ratio changes expected during wall construction. The AICD and PSK 0 CD tests were conducted to assess the effects of confining pressure and stress path on the strength and dilation of Kanaskat gravel and to provide a benchmark for interpretation of experiments on the performance of closely spaced reinforcement strips not described here. Mean effective stresses at consolidation for each stress path, presented in Table 2 , used for the AICD tests ranged from 10 to 1,000 kPa to study the stress-strain-strength response over a wide range in stresses using a conventional stress path, whereas p 0 c ranged from 28 to 172 kPa for the less-common PSK 0 CD tests owing to experimental limitations.
Specifications at the STIA third runway project required that the reinforced fill be compacted to 92% of the maximum Modified Proctor (ASTM 2006) dry unit weight, γ d;max , with corresponding optimum moisture content, w opt , at AE2% (Stuedlein et al. 2010) . For Kanaskat gravel, γ d;max ¼ 22.4 kN=m 3 at w opt ¼ 6.4% as shown in Table 1 . In consideration of project specifications, each test specimen was compacted to a target γ d ¼ 21.3 kN=m 3 , corresponding to a relative density of 65%; deviations of AE2.5% in actual relative density were allowed. Details for AICD specimen preparation are described by Walters (2013) . Most of the triaxial compression tests were compacted slightly below the target relative density of 65% with the lowest value being 63% and the highest being 66%. Similarly, initial relative densities for the PSK 0 CD tests ranged from 64 to 67%. Relative density changes that occur during consolidation are presented in Fig. 2 although the sample was initially compacted to D r ≈ 65%, D r as high as 76% were observed before the onset of shearing.
Axisymmetric Isotropically-Consolidated Drained Response
Seven cylindrical AICD specimens (diameter ¼ 152 mm, height ¼ 305 mm) were sheared at 0.05%/min to provide a baseline stressstrain-strength and volumetric response of Kanaskat gravel for comparison to the plane strain stress path. In order to directly compare results of different stress paths, intermediate principal stresses were incorporated by adopting the three-dimensional form of the deviatoric stress, q, which is given by
where J 2 = second stress invariant. Similarly, the mean effective stress, p 0 , defined as
was adopted, where σ Fig. 3 presents the AICD responses of specimens in terms of the stress invariant ratio, η ¼ q=p 0 , as a function of engineering shear strain, γ s , calculated using the three-dimensional form given by
where J 0 0 2 = second invariant of the deviatoric strain tensor. Generally, increases in confining stress results in reductions in peak η, increases in shear strain to failure, and the suppression of dilation. Fig. 4 presents AICD friction and dilation angles at failure, ϕ 0 f;AICD and ψ f;AICD , respectively, where failure in the AICD stress path is defined at the peak stress invariant ratio. The AICD friction angles at failure range from 54 to 42°and were corrected for the geostatic stress gradient in the sample by adding the average (i.e., midpoint) geostatic vertical stress, approximately 7 kPa to the major principal stress, σ 0 1 . The largest change in the friction angle as Note: AICD = axisymmetrical isotropically consolidated drained; PSK 0 CD = plane strain quasi-K o consolidated drained. a bc = before consolidation, ac = after consolidation, f = at failure, and cs = critical state. Fig. 5 indicate the void ratio at consolidation, e c , at failure, e f , and at the critical state, e cs . The observed void ratio paths during shearing in the AICD stress path show that all specimens initially contracted and then expanded towards the critical state with significant changes in p 0 . Conversely, no contraction was observed in the void ratio path in the PSK 0 CD stress path, indicating that the specimen dilated until failure with only slight increases in p 0 . Owing to its fundamental correlation to geotechnical performance measures (Been and Jefferies 1985) , it is of interest to understand the evolution of the state parameter, Ψ ¼ e − e cs , of Kanaskat gravel during shear. However, this can only be observed for the AICD specimens due to the inability to observe the critical state response in the PSK 0 CD tests, as discussed subsequently. Fig. 6 provides state paths for the AICD specimens during shearing, with markers showing the state parameter at consolidation, Ψ c , and at failure, Ψ f , and where negative state parameters indicate a dense state. Owing to its well-graded nature, the change in void ratio required to achieve the critical state is much smaller than that observed for uniform sands (e.g., Been and Jefferies 1985; Been et al. 1991) over the same range in p 0 c . The state paths indicate that the magnitude of contraction is much greater at higher confining pressures, and that Kanaskat gravel begins and ends shearing at the critical state for p 0 c ¼ 1 MPa and post-consolidation D r ¼ 76%. Tests in the AICD stress path were sheared to different quantities of strain and some of them may not have reached a true critical state. However, comparison of trends presented Figs. 5 and 6 suggests that all tests were sheared sufficiently to reach a representative constant volume state and further shearing would not have changed the results significantly. As a result, the observed stress-strain response at larger strains and void ratio evolution was used to estimate the constant volume or critical state of the soil. Constant 
Quasi-K 0 Consolidated Pure Shear Plane Strain Response
The cubical true triaxial apparatus (TTA) described by Hoopes (2007) , Choi et al. (2008) , and Biggerstaff (2010) allowed testing of Kanaskat gravel due to its internal dimensions, equal to 240 mm in each direction. The stress-controlled TTA is able to measure the intermediate principal stress using load cells, but is unable to capture softening responses due to its use of flexible membranes (Arthur 1988; Choi et al. 2008) . Hence, the deviatoric stress-strain and volumetric strain response deviates from that observed in the AICD test series. Additionally, the geometry and boundary conditions of the TTA alters the development of shear bands and strain compatibility during shearing. This results in the development of a quasi-K 0 consolidation mechanism that impacts the stress-strain and volumetric responses of Kanaskat gravel. Efforts to interpret the response of Kanaskat gravel with regard to these experimental conditions are explained in subsequent subsections.
Quasi-K 0 Consolidation Behavior
True K 0 consolidation requires one-dimensional strain (Terzaghi et al. 1996) ; consolidation of specimens in the TTA and similar devices (Wanatowski and Chu 2008) Marachi et al. (1981) indicate that small magnitudes of ε 2 do not appreciably affect the plane strain behavior of soil; therefore, ε 2 was not considered to affect the strength of specimens presented herein.
The deviatoric stress and volumetric strain response of the PSK 0 CD test specimens are shown in Fig. 9 . Fig. 9(a) shows that the specimens did not exhibit strain softening following failure, in marked contrast to the AICD test specimens, owing to the stresscontrolled test protocol. The plotted deviatoric response includes shearing incurred during consolidation. The volumetric response of Kanaskat gravel in the TTA was independently measured using both linear voltage displacement transducers (LVDTs) centered behind the rubber bladders and a burette with a differential pressure transducer. The LVDTs were used to calculate shear strains from the principal displacement of a cubical soil element. However, volumetric burette readings more accurately represent the response of the entire sample and were used to estimate the average volumetric response. Two assessments of volumetric strain, presented in Figs. 9(b and c), were made: those that were calculated using the trace of the principal strain vector as described by Choi et al. (2008) and those measured using the burette. Choi et al. (2008) showed that the bladder deformation pattern in the TTA was fairly uniform, even at higher displacements, for tests on uniform granular soils and in the absence of shear bands. Fig. 9 indicates that the calculated volumetric strains [ Fig. 9(b) ] deviate significantly from the measured volumetric strains [ Fig. 9(c) ] as shearing progresses. Owing to the potential development of shear bands in specimens of Kanaskat gravel, the assessment of dilatancy required careful interpretation of the volumetric and principal strains, as described further in the following sections.
Stiffness of Kanaskat Gravel
The stiffness of the AICD and PSK 0 CD tests on Kanaskat gravel may be represented using a secant shear modulus, G, presented in (Wood 1990 ). The computed G AICD ranged between 9 MPa at a p 0 c of 10 kPa and 70 MPa at a p 0 c of 1 MPa. The fitted power law exponent, equal to 0.56, is consistent with those reported in the literature (Schanz and Vermeer 1998) . The initial tangent shear modulus corresponding to the PSK 0 CD stress path, G PSK0CD , was calculated at a postconsolidation shear strain of 0.05% and in consideration of the pure shear stress path (i.e., constant mean effective stress). Therefore G PSK0CD ¼ Δq=Δγ s . At a given p 0 c , the calculated shear modulus for PSK 0 CD specimens were significantly greater than those of the AICD specimens, and ranged from 37 to 92 MPa for p 0 c of 28 to 172 kPa. The increase in the shear modulus in the PSK 0 CD stress path is attributed to the increase in p 0 stemming from the greater σ 0 2 (Hatami and Bathurst 2005). As a result, the power law describing the G PSK0CD data is characterized with a significantly larger fitted coefficient; however, a similar power law exponent (i.e., 0.52) was back-calculated from the observed PSK 0 CD test data. A power law with an exponent equal to 0.56 is plotted in Fig. 10 , as it should theoretically be material-specific and independent of stress path (the power law is relatively insensitive to the difference in these two exponents over the stress range considered).
Strain Compatibility and Shear Band Formation
The predominant failure mechanism in typical prismoidal PS tests (i.e., with aspect ratios of 2:1) is the formation of a single welldefined shear band (e.g., Lee 1970; Evans and Frost 2010) , typically evident by strain softening. The stress-controlled protocol required by the TTA did not allow for the observation of constant volume behavior, resulting in PSK 0 CD responses [Figs. 7 and 9(a)] that do not reduce to a critical state like AICD specimens (Fig. 3) . However, the measured volumetric and principal displacement measurements and fluctuations in the deviatoric response provided indications that shear bands formed during shear. The calculated volumetric strain [ Fig. 9(b) ] initially follows the measured volumetric response but deviates significantly after about 1% shear strain, which suggests that the specimen transitions from a continuum to bifurcation response (Bardet 1991) . After bifurcation, the measured volumetric response of the soil is primarily dependent on the soil in the shearing zone, which has essentially reached a constant volume state. Shear banding of cubical specimens is evident in Fig. 9(b) for those portions of the measured volumetric strain measurements that exhibit shear strains with little to no change in volumetric strain. The test conducted at p 0 c ¼ 142 kPa exhibits the most-apparent development of a shear band, occurring at approximately γ s ¼ 1.7%. The formation of shear bands within cubical specimens impacted the deformations observed at the flexible bladders, resulting in the inability to adequately measure rigid block sliding during bifurcation. The displacements in the major principal directions are positive, indicating compression, whereas displacements in the minor principal direction are negative and indicate extension. Significant deviations between measurements in the minor principal direction are observed at approximately γ s ¼ 1.75%, indicating that Face 3a begins translating whereas Face 3b ceases to displace. At approximately γ s ¼ 3.5%, the behavior reverses and Face 3a stops and Face 3b starts to displace, suggesting that the cubical sample developed two shear bands. Shapiro and Yamamuro (2003) , Abelev and Lade (2003) , and Lade and Abelev (2003) showed that at least two shear bands can develop in cubical devices as a result of the geometrical constraints of the device that intersect the top or bottom of a cubical specimen without significantly altering the measured peak friction angles. Considering the geometry of the TTA, shear bands can hypothetically daylight at the center of the top or bottom (i.e., major) faces of the cube as shown in Fig. 11 inset. However, due to limitations of the testing device, no methods were used to obtain the actual angle of inclination of the specimens; therefore, the schematic in Fig. 11 represents an estimated or hypothetical geometry. The measured change in specimen volume is therefore associated with shearing along these zones and the corresponding dilation angle can be approximated using Eq. (2) and the measured volumetric response just prior to the onset of initial shear banding. The resulting ψ f;PSK0CD presented in Fig. 4 are on average 2.2 times greater than ψ f;AICD and reduce from 30 to 23°over the range of confining stresses investigated. Although large, the measured PSK 0 CD dilation angles are similar in magnitude to those resulting from cubical true triaxial tests on Santa Monica beach sand at effective confining stresses of 50 kPa reported by Lade and Abelev (2003) . Lade and Abelev (2003) showed that dilation angles of uniform sands in the plane strain stress path can be on the order of 70% larger than those measured in triaxial compression. Here, the observed PSK 0 CD dilation angles on well-graded sandy gravel are approximately 100% larger than those resulting from the AICD stress path. Fig. 8 presents the PSK 0 CD stress path to failure and describes key milestones in specimen response during shearing. The end-of-continuum response was defined by the onset of deviation in the principal displacements along the minor principal directions (Fig. 11) , and corresponded to the initiation of shear banding. During shearing, σ 0 1 and σ 0 2 were uniformly increased and decreased at 1.5 kPa=min, respectively, to produce an applied near-constant p 0 stress path. As shown in Fig. 8 , a constant p 0 stress path was not achieved during shear, owing to increases in stresses in the restrained direction.
Effect of Intermediate Stresses and Strains
The intermediate differential stress ratio, b, is used to define the stress state in relation to triaxial compression (TC) and extension (TE) stress paths, where
The magnitude of b is stress path-dependent and bounded between 0 (i.e., TC) and 1 (i.e., TE), respectively. Green (1971) , Reades and Green (1976) , Tatsuoka et al. (1986) , and Peters et al. (1988) have shown that the strength of soil in plane strain (b ≈ 0.3) or other intermediate stress states is larger than that for triaxial compression stress paths. On average, PSK 0 CD specimens of Kanaskat gravel at failure exhibited b ¼ 0.34, similar to the typical range of 0.2 to 0.4, depending on sample density, anisotropy, and testing device, for PS specimens (e.g., Green 1971; Reades and Green 1976; Peters et al. 1988) . Failure was defined as the stress invariant ratio that corresponds to the formation of the initial shear band. Fig. 12 presents the progression of b during shearing for the PSK 0 CD test specimens. Initially, b is approximately equal to 1 as a result of the quasi-K 0 consolidation stress path. Upon initiation of shear, b drops rapidly to 0, indicating the rotation of the minor principal stresses, whereupon the restrained direction becomes σ 0 2 . Fig. 13 presents the evolution of stresses measured in the restrained direction during consolidation and shearing; markers indicate the initiation of shear (i.e., end-of-consolidation) and the rotation of σ 0 2 and σ 0 3 . During consolidation, σ 0 2 increases in a near-linear manner with increases in p 0 c . However, during shearing, σ 0 2 decreases while σ 0 3 increases until these principal stresses rotate, after which the restrained direction serves to host the intermediate principal effective stress. Thereafter, σ 0 2 increases with rapid straining to failure and subsequent increases in the mean effective stress, producing the stress path presented in Fig. 8 . Phusing et al. (2015) conducted truetriaxial DEM simulations with varying and constant b to determine that the shape and location of the yield surface is independent of the stress path, and therefore, the yield surface identified herein is considered insensitive to the selected stress path. Fig. 4 presents the PSK 0 CD friction angles at failure for Kanaskat gravel, which are computed by finding the intersection of the three-dimensional stress path with the Mohr Coulomb (M-C) failure criterion
where θ L = lode angle, defined as the angle between the failure point on the three-dimensional surface and the major principal stress direction. The lode angle is related to b by (Suzuki and Yanagisawa 2006) 
The log-linear trend shown in Fig. 4 did not include the PSK 0 CD test at p 0 c ¼ 28 kPa due to the exaggerated boundary condition effects associated with the flexible membranes at such low confining pressures.
Friction angles for Kanaskat gravel in plane strain, presented in Fig. 4 , have been corrected for geostatic stresses (i.e., 5 kPa) similar to the AICD tests and are approximately 33% larger than those resulting from AICD stress paths. This is larger than that expected given the typical magnitudes reported for plane strain (Jewell and Wroth 1987; Kulhawy and Mayne 1990) , which are generally 10 -20 % larger than in triaxial compression. However, typical ranges were developed on the experimental basis of uniformly graded soils with lower AICD friction angles. Koerner (1970) and Mitchell and Soga (2005) suggest that greater shear resistance in well-graded soils is associated with a greater degree of fabric anisotropy, the presence of larger particles in the soil matrix, and lower void ratios which produce a greater number of frictional contacts. As a result, the measured frictional responses of well-graded materials will be subject to the influence of stress path effects, relative density, and changes in p 0 that are not readily apparent in Fig. 7 . The large magnitude of the measured friction angles prompted additional cubical triaxial testing to verify the measured plane strain response. Friction angles measured for the simple shear consolidated drained (SSCD) stress path tests on Kanaskat gravel using the TTA are shown in Fig. 4 . The σ 0 2 was not allowed to change in the SSCD tests; thus, compared to the PSK 0 CD friction angles, the SSCD friction angles are slightly smaller. However, they are of similar magnitude and trend as the plane strain friction angles.
Comparisons between measured PSK 0 CD responses, and calibrated three-dimensional failure criteria can be used to assess the validity of the larger peak response in consideration of σ 0 2 . The Matsuoka-Nakai (M-N) or Lade-Duncan (L-D) criteria (Matsuoka et al. 1974; Lade and Duncan 1973) , presented in Fig. 8 indicate that the increase in peak strength can be sufficiently predicted by well-established three-dimensional failure criteria. The M-N failure surface calibrated to the AICD data is presented in Fig. 8 
and produced lower deviatoric stresses at a given mean effective stress than those measured. However, the observed curvature of the trend is similar to the fitted trend. The L-D failure criterion requires the fitting of coefficient κ, which was calibrated to the TC stress path using the AICD data and was also best-represented using bilinear functions of 
The L-D failure criterion satisfactorily estimates the deviatoric stress of PSK 0 CD specimens at failure. The PSK 0 CD strength predicted using the L-D failure criterion fitted to the AICD specimens, in concert with comparison to SSCD friction angles, suggests that the observed PSK 0 CD friction angles appropriately represent the highly frictional behavior of Kanaskat gravel in plane strain.
Discussion of the Stress-Dilatancy Behavior of Kanaskat Gravel proposed an empirical approach to Rowe's (1962 Rowe's ( , 1969 and Rowe et al.'s (1964) stress-dilatancy theory using a database of 17 uniform sands to capture the effect of the rate of dilation, relative density, and mean effective stress with the relative dilatancy index,
where p refB = reference pressure typically equal to 1 kPa; D r = relative density in decimal form; and Q and R = fitting coefficients equal to 10 and 1, respectively. The statistical regression for the dilatation component of strength was found equal to
where ϕ 0 f -ϕ 0 cv = measure of dilatancy; A ψ;PS ¼ 5; A ψ;TC ¼ 3; and the subscripts PS and TC = plane strain and triaxial compression, respectively. In a response to Tatsuoka (1987) , Bolton (1987) presented data on uniform Toyoura sand to show that Eq. (11) cv at low mean effective stresses (p 0 < 150 kPa). Bolton (1987) attributed the resulting error to an apparent increase in ϕ 0 cv at low to very low σ 0 3 , and proposed improved empirical correlations as a function of p 0 . More recently, Salgado et al. (2000) and Chakraborty and Salgado (2010) confirmed that Bolton's Q decreases with a decrease in σ 0 3 below approximately 200 kPa for Toyoura Sand, which was also attributed to changes in ϕ 0 cv . Eq. (11) is a formulation of Eq. (1) in which the a coefficient was empirically derived by to be equal to 0.8 in plane strain and 0.48 in triaxial compression. Fig. 14(a) the PSK 0 CD specimens could not be observed, as described previously (refer to Fig. 9) . However, experimental work by Lee (1970) suggests that ϕ 0 cv is equivalent for plane strain and triaxial compression at high confining pressures. Therefore, the average PSK 0 CD constant volume friction angle equal to 40°was used in order to calculate ϕ 0 f -ϕ 0 cv for the PSK 0 CD stress path, based on measured ϕ 0 cv;AICD . Although some differences are noted, there is relatively good agreement between the observed and predicted response of original triaxial compression stress path approximation. However, Bolton's (1987) modified approximation does not adequately capture the trend in ϕ 0 f -ϕ 0 cv for Kanaskat gravel at low mean effective pressures and for the AICD specimens. This response is attributed to the presence of stronger particles and the larger number of particle contacts in the well-graded soil matrix that dominate the frictional characteristics at lower pressures. Differences in the trends of the measured and predicted PSK 0 CD data indicated that approximation of plane strain strength at failure provides a good first approximation. Additionally, the trends suggests that the strength of well-graded sandy gravel is more sensitive to intermediate principal effective stresses than estimated by Bolton's original approximation. Thus, it appears that approximation of Rowe's stress-dilatancy theory may be used to estimate the stress-dilation response of well-graded gravelly soils in both TC and PS stress paths. This suggests that Bolton's fitting coefficients, calibrated to a database of uniform sands, is sufficient for use with well-graded sand and gravel mixtures in practice.
Summary and Conclusion
Geotechnical engineers often use stress-dilatancy theories and approximations that are developed based on uniform sands; however, very little information of this kind exists for well-graded gravelly soils. Pertinent questions regarding the stiffness, strength, and volumetric response of these soils in plane strain remain to be answered. To reduce the evident gap in information, an experimental program was conducted to study the stiffness, strength, and stress-dilatancy of well-graded Kanaskat gravel using axisymmetric, isotropically consolidated drained (AICD) triaxial and cubical pure shear quasi-K 0 consolidated drained (PSK 0 CD) plane strain tests over a wide range of confining stresses. Results from the testing program indicate that the stress-dilatancy behavior of Kanaskat gravel differs from that of uniform sands. However the theories developed based on uniform soils can be used to satisfactorily estimate the soil response under typical working stresses.
The secant shear stiffness of PSK 0 CD specimens was approximately three times larger than AICD specimens, which indicates that the intermediate strain response has a significant effect on the prefailure response of sandy gravel soils. Additionally, the plane strain friction and dilation angles of Kanaskat gravel at failure are significantly greater than for AICD specimens sheared in triaxial compression, on the order of 33 and 120% larger, respectively. The PSK 0 CD response at failure was compared to drained consolidated simple shear tests and three-dimensional failure criteria fitted to AICD specimens and that incorporate the effect of the intermediate principal stress. The Matsuoka-Nakai failure criterion was found to underpredict the observed failure envelope, whereas the LadeDuncan failure criterion was found to adequately predict the measured PSK 0 CD response at failure. Geometrical constraints imposed by the cubical triaxial device impacted the measured volumetric response and inhibited free shear band formation. As a result, two incipient shear bands formed in the TTA requiring careful interpretation of volumetric responses for estimation of the dilation Bolton's ( , 1987 approximation of Rowe's (1969) stress-dilatancy theory indicate that in general, the modified approximation does not appear appropriate for low confining stresses. original correlation appeared applicable to the well-graded gravelly soils in the triaxial compression stress path over the range in pressures investigated. The data reported here should help those requiring accurate estimates of the stiffness, strength, and stress-dilatancy of well-graded sandy gravel and improve their confidence in selected design parameters.
